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Abstract—Alternative permanent-magnet materials with intermediate performance, such as K1   0-P3, are investigated
experimentally. Our focus is on the structural and magnetic properties of bulk YCo5-xFex and on rare-earth-free transition-metal alloys
such as TMxCo100-x (TM = Zr, Hf). YCo5-xFex alloys (x = 0 to 0.75), which crystallize in the hexagonal CaCu5-type structure, exhibit an
improved of anisotropy and magnetization as x increases from 0 to 0.75, but the anisotropy increase is much less pronounced than recent
theoretical predictions. ZrxCo100-x and HfxCo100-x exhibit reasonable room-temperature hard-magnetic properties, such as coercivities of
0.10 to 0.28 T and magnetizations of 0.60 to 0.94 T.

third element such as Fe and search for rare-earth-free
alloys with high K1 t1 MJ/m3.

I. INTRODUCTION

Rare-earth cobalt alloys, especially SmCo5 and Sm2Co17,
are the first rare-earth permanent magnets and continue to
be useful for high-temperature applications [1-2]. In
particular, RCo5 (R = Sm, Y), which crystallizes in the
hexagonal CaCu5-type structure, exhibit high anisotropies
at room temperature and above, and there are continuing
theoretical [3-6] and experimental [7, 8] attempts to further
improve their magnetic properties by doping with a third
element, such as B and Fe. For example, recent
density-functional calculations have shown that Fe in
RCo5-xFex increases both the magnetic anisotropy constant
K1 and magnetic polarization Js for small fractions of Fe (x
   >@ However, it is unclear to what extent these
predictions are consistent with experiment.
Beyond the hexagonal 1:5 and rhombohedral or
hexagonal 2:17 structures, there are other noncubic Co-rich
intermetallics, and atomic substitutions yield a rich variety
of related pseudoternary compounds. For example, Zr2Co11
and HfCo7 are part of the ongoing search for alternative
permanent-magnet alloys due to their high Curie
temperatures (Tc ! 600 K), and non-cubic structures, which
can create high anisotropy in these materials [9-12]. The
crystal structure of the last alloy is only partially known,
but unrelated to the hexagonal SmCo5 and SmCo7. Our
current research focuses on the improvement of magnetic
properties by further doping or alloying Y alloys with a
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II. EXPERIMENTAL METHODS

YCo5-xFex alloys with different Fe concentrations (x = 0,
0.25, 0.50, and 0.75) were prepared using a conventional
arc-melting technique followed by high-temperature
thermal annealing at 1100 qC for 48 hrs . The alloys were
then ground into small particles for structural and magnetic
investigation. To determine K1, the as-produced YCo5-xFex
particles were embedded in an epoxy resin and the easy
axes were subsequently aligned with a magnetic pulse field
of 12 T.
The ZrxCo100-x and HfxCo100-x alloys were produced by
melt spinning. For this, high-purity elements with appropriate compositions were mixed homogeneously using
conventional arc melting and subsequently melt spun to
obtain ribbons. The rapid cooling during the melt spinning
process is advantageous for controlling phase purity and
microstructure, which is important to realize the permanent-magnet properties of the alloys.
X-ray
diffraction
(XRD:
Rigaku
D/Max-B
diffractometer), transmission-electron microscopy (TEM:
JEOL 2010 with an acceleration voltage of 200 kV),
energy dispersive x-ray analysis (EDX, JEOL JSM 840A
scanning electron microscope), and SQUID magnetometry
were used for characterization.
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(111) peak of the YCo5 phase. Note that conventional
preparation techniques (such as arc melting followed by
high-temperature thermal annealing for bulk RCo5 alloys)
are generally expected to produce a small fraction of 2:17
phase during the cooling process [16, 17].
We also have carried out Rietveld analysis to quantify
these phases [18], but an accurate refinement was limited
by the broadness of Y2O3 peaks and a shift in the peak
positions of YCo5 phase along with an increased intensity
of the (200) peak on substituting Fe for Co in YCo5-xFex.
Nevertheless, as an example, Rietveld analysis for
YCo4.75Fe0.25 typically yields 95.1 wt. % of YCo4.75Fe0.25,
0.6 wt. % of Y2O3 and 4.3 wt. % of Y2Co17.
To trace the changes in the YCo5 lattice upon Fe
substitution, we have expanded the XRD patterns of the
as-produced YCo5-xFex alloys in the 2T range from 41.5q to
44.0q, as shown in Fig. 1(b). We see a systematic shift in
the angular positions of the Braggs reflections from YCo5
phase towards lower angles as x increases from 0 to 0.5.
This corresponds to a lattice expansion upon the
substitution of Fe for Co. For example, the lattice constants
increased from a = 4.940 Å and c = 3.981 Å to a = 4.950 Å
and c = 4.009 Å on varying x from 0 to 0.75. In addition,
the intensity of (200) peak also increases as compared to
that of (111) peak as x increases from 0 to 0.75. This
indicates the stabilization of the hexagonal CaCu5-type
structure in YCo5-xFex alloys for x up to 0.75.
In order to determine the anisotropy constant K1, we
have measured the parallel and perpendicular M-H curves
at 300 K for magnetically aligned YCo5-xFex alloys, as
shown for YCo5 , Fig. 2(a), and YCo4.5Fe0.5, Fig. 2(b).

III. STRUCTURAL AND MAGNETIC PROPERTIES OF
YCo1-xFex BULK ALLOYS

The structural properties of as-produced YCo5-xFex alloys
as a function of Fe concentration were investigated using
x-ray diffraction. For example, Fig. 1(a) shows the XRD
patterns for YCo5-xFex (0 d x d 0.75).

Fig. 1 X-ray diffraction patterns: (a) YCo5-xFex alloys of
different Fe concentrations with the standard positions
and relative intensities of the diffraction peaks
corresponding to YCo5 (vertical lines), Y2Co17 (black
dots) and Y2O3 (gray dots), and (b) the expanded x-ray
diffraction patterns at 2T = 41.5q to 44.0q, showing the
composition-dependent shift in the peak positions as
guided by the dotted lines.

The standard peak positions and relative intensities of
the diffraction peaks corresponding to the hexagonal
CaCu5-type structure of YCo5 are shown as black solid
vertical lines [13]. The XRD peaks are sharp and intense,
revealing well-developed polycrystallites, and also in good
agreement with the hexagonal CaCu5-type structure. A
minor presence of Y2O3 and Y2Co17 is, however, evident
from the weak diffraction peaks corresponding to these
phases, as indicated by the respective gray and black dots
in Fig. 1(a) [14, 15].
The weak diffraction peaks corresponding to Y2O3
phase, such as (222) and (440) in Fig. 1(a), are also broad
due to the well-known crystallite size of Y2O3. In addition,
the standard-maximum intensity (330) peak of Y2Co17
phase also appears as a weak hump near to most intense
Corresponding author : B. BALAMURUGAN
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Fig.2
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Parallel and perpendicular M-H curves measured at 300
K : (a) aligned YCo5 and (b) aligned YCo4.5Fe0.5.
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The straight approach of the perpendicular curves to the
saturation indicates that the effect of K2 is very small. In
addition, a striking feature of these curves is that the
perpendicular M-H intersects the magnetization axis at M
> 0. This feature can be presumably due to the collective
effects of the grain-misalignment and weak presence of
secondary phases..

Fig. 3

anisotropy of YCo5 is notoriously weak [2] and cannot
account for the high anisotropy values predicted by some
of the calculations.
IV. RARE-EARTH-FREE ZrxCo100-x and HfxCo100-x
BULK ALLOYS
The XRD patterns and TEM images of ZrxCo100-x (16 d x d
21) show the presence of predominant Zr2Co11 phase
having a rhombohedral structure, along with comparatively
weak hcp Co and cubic Zr6Co23 phases [21, 22]. The soft
magnetic Co and Zr6Co23 phases are expected to form
exchange coupling to the hard magnetic Zr2Co11 phase.

Room-temperature
magnetic
anisotropic
constant K1 and saturation magnetic polarization
Js of YCo5-xFex as a function of Fe concentration
(x).

The K1 of the hard YCo5 phase can be, however,
obtained from the magnetic anisotropic field Han. As
indicated in Fig. 2, Ha is given by the intercept between the
parallel and linear portion of the perpendicular curves, and
this method has an error of typically less than 10% [1, 19,
20]. Figure 3 shows the corresponding values of K1 and Js
of YCo5-xFex as a function of Fe concentration.
As x varies from 0 to 0.75, the room-temperature
anisotropy of YCo5-xFex improves from 4.2 to 5.0 MJ/m3,
and the magnetization also increases. This is consistent
with previous findings, including theoretical calculations
[4-7]. Furthermore, the moderate improvements due to Fe
substitutions in rare-earth cobalt magnets have long been
explored and exploited in industry. Even in cases where Fe
leaves the magnetic properties of a rare-earth cobalt alloy
unchanged, Fe substitution is preferred, because Fe is
much cheaper than Co.
Interestingly, density-functional calculations tend to
overestimate the anisotropy difference between YCo5 and
YCo5-xFex. For example, they predict that K1 increases
from 2.7 MJ/m3 in YCo5 to 4.7 MJ/m3 in YCo4.65Fe0.35 [4].
Similarly, the calculated band-filling dependence of the
magnetic anisotropies also reveals an increase in K1 from
about 8.3 MJ/m3 (YCo5) to a maximum of 26.5 MJ/m3 for
YCo4Fe [7]. These theoretical calculations were performed
at zero temperature, but the temperature dependence of the
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Fig. 4 Coercivity Hc and saturation polarization Js measured at
300 K for ZrxCo100-x alloys as a function of Zr
concentration x.

Figure 4 shows that ZrxCo100-x is hard-magnetic, with
coercivities larger than 1 kOe and appreciable magnetizations between 0.60 and 0.95 T at room temperature. The
coercivity changes in Fig. 4 mainly depend on the amount
of hard magnetic Zr2Co11 phase in these samples [22].
Similarly, Hc increases from 0.05 to 1.8 kOe at 300 K
on increasing x from 0 to 12.5 in HfxCo100-x [23]. For x =
12.5, HfxCo100-x forms a HfCo7 phase having orthorhombic
structure. Available literature data on the unit cells are
contradictory and however, a careful analysis of the
question goes far beyond the present paper and will be
discussed elsewhere.
It is worthwhile mentioning that M-H curves of both
Zr-Co and Hf-Co do not saturate even in fields of 7 T.
While the approach to saturation is relatively slow for
isotropic magnets, this nevertheless confirms the high
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magnetic anisotropy of the materials. More explicitly, K1
was evaluated from the high-field magnetization curves of
these alloys +   N2H  XVLQJ WKH ODZ RI DSSURDFK WR
saturation
method
[24].
The
corresponding
room-temperature anisotropy values are 1.1 and 1.6 MJ/m3
for Zr18Co82 and Hf12.5Co87.5, respectively.
V. CONCLUSIONS
The structural and magnetic properties of YCo5-xFex and
rare-earth-free transition metal alloys such as ZrxCo100-x
and ZrxCo100-x were investigated. The magnetic anisotropy
constant K1 improves from 4.2 to 5.0 MJ/m3 at 300 K
along with an improvement of Js on varying x from 0 to
0.75 in YCo5-xFex. This general trend is consistent with
recently reported theoretical investigations based on
density-functional and band-filling calculations. However,
it seems that density-functional calculations significantly
overestimate the anisotropy enhancement due to Fe, and
further research will be necessary to explain the
discrepancies.
Zr-Co and Hf-Co alloys also exhibit a fairly high
anisotropy of K1   0-P3. Concerning price and
performance, these rare-earth-free permanent-magnet materials are generally intermediate between Ba ferrite and
rare-earth permanent magnets, and future research will
show whether any of these materials can be developed into
industrial magnets.
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